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URING the past twenty years considerable attention has been given to the compositions of the pyroxenes from basic igneous rocks. Hess (1941) reviewed the courses of crystallization of pyroxenes from mafic magmas and drew a trend line for the lime-rich clinopyroxenes. The present investigation was undertaken primarily to determine more closely the trend in the ferroaugite region, for here Hess's trend was based on the analyses of two pyroxenes from the Skaergaard intrusion and both of these are now known to be somewhat unusual types. The Skaergaard intrusion which is a strongly fractionated gabbroic complex is Particularly suitable for this study of the ferroaugites. Fifteen new analyses have been made for this investigation and twenty-three analyses of the pyroxenes from this intrusion are now available. Using nineteen of these, new trend lines have been drawn ( fig. 1) for the Skaergaard clinopyroxenes.
The Skaergaard intrusion of east Greenland, Tertiary in age, was described by Wager and Deer in 1939. They showed it to be a strongly differentiated layered gabbro complex having the form of an inverted cone. A uniform chilled margin to the border group gives the composition of the original magma. This rock is an olivine-gabbro of tholeiitic type (Tilley, 1951) chemically similar to the porphyritic central magma type of the British Tertiary Hebridean province. The rocks of the layered series range from hypersthene-olivine-gabbros in the lowest exposed rocks to fayalite-quartz-gabbros at the top. Wager and Deer (1938, 1939) have published analyses of eight clinopyroxenes from this intrusion, five of which came from the layered series. They investigated the mutual relations of the clino-and orthopyroxenes in the rocks, concluding that in the earlier rocks both ortho-and clino: pyroxene crystallized, but that in the middle gabbros it may have been that clinopyroxene alone crystallized from the magma and that some inverted to Qrthopyroxene with abundant clinopyroxene inclusions. In the latest stages pyroxenes with very unusual textures for igneous pyroxenes occur and the authors suggested that these were really inverted forms, having crystallized from the magma as iron-wollastonites. The new chemical data have confirmed the suggestions os Wager and Deer regarding the inversion origin of these pyroxenes.
In their discussion on the trend of the pyroxenes Wager and Deer considered that in the early stages two pyroxenes (diopsidic augite and orthopyroxene), crystallized out, and, with progressive fractionation of the magma, both became enriched in iron, while at the same time the clinopyroxene became progressively poorer in lime. Eventually orthopyroxene ceased to crystallize and they considered that this was due to the increasing capacity of the clinopyroxene to take the whole of the pyroxene components into solid solution as the iron content increased. Thus, towards the iron-rich end, the immiscibility gap between limerich clinopyroxenes and pigeonites narrowed and eventually, beyond Of (orthoferrosilite) 65-70, only one moderately lime-poor phase crystallized. They termed such pyroxenes 'ciinopyroxenes of pigeonite type'. Hess (1941) pointed out that these iron-rich clinopyroxenes of the Skaergaard intrusion were not true pigeonites, but rather, iron-rich members of the augite series, i.e. ferroaugites. He considered that the field of orthopyroxene (in this case inverted pigeonite) was limited by the incoming and enlargement of the olivine field as the magmatic liquid became increasingly rich in iron.
The additional analyses carried out for this paper have revealed that the trend of the clinopyroxenes shows two abrupt changes in direction. These coincide with the disappearance of olivine as an orthomagmatic mineral at the top of the hypersthene-olivine-gabbros (height 900 metres in the layered series) and with its later reappearance in the lower ferrogabbros (height 1400 metres in the layered series).
The early clinopyroxenes found in the hypersthene-olivine-gabbros are lime-rich diopsidie augites. In the olivine-free middle gabhros, which succeed the hypersthene-olivine-gabbros, the composition of the clinopyroxene becomes increasingly poorer in lime and richer in iron. In the lower ferrogabbros the lime content of the clinopyroxene increases again. With increasing iron content the trend of compositions of the normal ferroaugites turns towards hedenbergite with their lime content maintaining a gradual increase. The clinopyroxenes formed by the ironwollastonite-hedenbergite inversion, however, become increasingly more L D. MWR ON iron-rich and lime-poor over the range in which they crystallize and thus in the latest stages two distinct trends can be recognized.
In this paper the author has followed Hess (1949) in expressing the compositions of the clinopyroxenes as atomic percentages in terms of the Ca, Mg, and total Fe components. A complete description of the rocks and their textures is given by Wager and Deer (1939) .
II. DISCUSSION OF ANALYSES.
In the earlier rocks of the intrusion, where two pyroxenes occur, it was not possible to effect a separation of the two minerals and the mixed pyroxenes of the rock were therefore analysed (table I) . Analyses 18 In general, there is a decrease in the silica weight percentage of the pyroxenes as the layered series is ascended, and this is due to the replacement of Mg by Fe". Aluminium, at its maximum in the pyroxene of the chilled margin, remains fairly constant in the earlier augites, but ,, hypersthene*olivine-gabbro, height 300 metres (Rock 4084). 6. ,, 
1150 (3062).
10. Ferroaugite from hortonolite-ferrogabbro, height 1600 m. (2580). 11. ,, , (2573) . 12.
,, (1907) (1907) . 13.
,, later shows a general tcndcncy to decrease. It nfight be considered that the higher alumina in the recalculated analyses couhi be attributed to its prescnce in the associated orthopyroxcne, for no allowance wa~ made for this constituent in the subtraction. In the Skaergaard rocks selectcd, however, orthopyroxcne never exceeds one quarter of the total pyroxene, and a survey of recent reliable analyses indicated that orthopyroxenes seldom carry nmch in excess of 2 % A]20 a. ]t is clear, therefore, that the bulk of the alumina of the analysis must be present in the monoclinic variety. Titania shows a general tendency to increase from about 1% in the earlier pyroxenes to 1"5 % in thc rater ones, but the behavionr of this constituent can bc denmnstratcd much more clearly when considered in relation to the structure. Both manganese and total alkalis also show a general tendency to increase in the later pyroxenes, as does ferric iron.
Al~ attempt was made to separate the pyroxene from a coT~taminated rock of the border group where hyl)ersthcne-olivine-gabbro is hybridized by the country gneiss. These hybrids become very coarse-grained, having pyroxene crystals up to 10 ram. in length. These, and strongly zoned plagioclase crystals, arc set in a granophyric groundmass. From the evidence of drnsy cavities, volatile constituents were clearly present in many of the granophyre hybrids and it seems likely that a vapour phase separated at a late stage in the crystallization. G. C. Kennedy (1949) , discussing equilibrium relations between iron oxides and volatilcs in igneous rocks, has shown experimentally that the F%O3: FeO ratio in a rock melt depends on the partial pressure of oxygen with which the melt is an equilibrium and that the reaction 2F%03 4FeO § 2 may be expressed as a close approximation by the law of mass action. From this it follows that at any given temperature an increase in the partial pressure of oxygen should drive the reaction to the left. With falling temperature, however, and a constant partial pressure of oxygen, the reaction would tend to proceed to the right. In other words, at a lower temperature a greater increase in the partial pressure of oxygen is required to increase the F%Os:FeO ratio. No analysis of the granophyre is available, but considerable magnetite is present in the rock. It was thought that the composition of the pyroxene might give an indication of whether this increase in the F%0 a: FeO ratio took place in the magma. The optical properties of the pyroxene are a 1-692, 1"722, 2V 52 ~ (centre) and 49 ~ (margins). As much of the pyroxene has been converted to a pale amphibole, it was impossible to separate sufficient pure material for an accurate analysis, but on 0-35 gram separated and with about 5 % of green amphibole remaining, the figures obtained were FeO 10-41, Fe203 7"77 %. These tend to support the views put forward by Kennedy. Another feature of the analysis of the pyroxene worthy of mention is that hybridization of hyperstheneolivine-gabbro with the gneiss produces a pyroxene in hybrid rocks whose composition, except for the F%O3:FeO ratio, is similar to those from the middle gabbros.
The most marked feature of the analyses is the complementary variation in magnesium and ferrous iron. When plotted against height in the layered series both MgO and FeO form smooth curves. The replacement of magnesium by ferrous iron in progressively later pyroxenes is now well known. The other important variable in the analyses is the lime content. In the layered series the lime content of the augites remains almost constant during the hypersthene-olivine-gabbro stage, but in the middle gabbros the elinopyroxenes become increasingly lime-poor and lie in the field of augites from olivine-free tholeiitic rocks. In the early ferrogabbros, however, the lime content increases again, and the only comparison with this known to the author is that shown by the later pyroxenes of the New Amalfi sheet described by Poldervaart (1944) , where pyroxenes remarkably similar in texture to the inverted varieties occur. It will be noted that the lime content decreases again in the green pyroxenes considered to have formed by inversion from iron-wollastonite, whereas in the normal brown pyroxenes it increases until in the latest stages the composition approaches closely to hedenbergite.
III. TltE CRYSTAL CI=IEMISTRY OF TIIE PYROXENES. Warren and Bragg (1928) first worked out the structure of diopside, and Warren and Biscoe (1931) showed that diopside, hedenbergite, acmite, jadeite, spodumene, augite, and clinoenstatite had essentially similar structures of which diopside could be taken as the type. They suggested as a general formula for members of the pyroxene group X m Y<2_m>z2(O,OH,F)6 ; where X = Ca, Na, (K), (Mn), (Mg), Y = MR, Fe", Mn, Fe'", Ti, Al, (Zn), z = Si, A1. Dixon and Kennedy (1933) showed that in some cases it was necessary to assume a replacement of silicon by titanium in order to make the analysis fit the formula. They listed a number of analyses in which combined silicon and aluminium was insufficient to supply the z group in the centre of the tetrahedron. Barth (1931) came to a similar conclusion with regard to the titaniferous pyroxene from Hiva Oa, as did Deer and Wager (1938) for pyroxene no. 12 of the Skaergaard intrusion.
The early clinopyroxenes are normal gabbroic types with more than sufficient aluminium to satisfy the silicon deficiency in the tetrahedral positions, and some must therefore be present in the Y group. This condition appears to hold to the end of the middle gabbro stage, but in the pyroxenes of the early ferrogabbros there is insufficient aluminium to satisfy the requirements of the z grou~, and in pyroxene no. 10 titanium is required to bring this group up to 2 (table III) . A similar assumption must be made to balance the electrostatic charges for pyroxenes 11, 12, 13, and 14. In pyroxene no. 15 there is just sufficient aluminium present to satisfy the z group, and in no. 16 and all succeeding analyses aluminium is again in excess and some must be present in the Y group. It would appear, therefore, that over a limited range of the ferrogabbros titanium occupies positions in the z group of the pyroxenes.
In the analyses where no aluminium occurs in the Y group there is an increase in the content of ferric iron in the pyroxenes, and this replacement of Fe" by Fe'" is required to balance the substitution of A1 for Si. Thus in analyses 10, 11, 12, 13, and 14, ferric iron is present in much greater amount than in the other pyroxenes, except for the inverted ones where a high ferric iron content is required partly to balance the aluminium and partly to offset the substitution of sodium and potassium for calcium in the X group, for the alkalis show a significant increase at this stage.
In the three earliest analyses from the layered series the (Ca + Na + K) comprising the X group remains fairly constant at about 0.9. At this stage, therefore, any replacements that occur must be due to the substitution of Mg by Fe". In the middle gabbros, however, the X group decreases sharply to 0"62 in pyroxene no. 9, and here the iron introduced must be replacing the calcium, for magnesium remains almost constant. In the lower ferrogabbros (analyses 10-14) the X group increases again, while magnesium decreases, its place being taken by ferrous iron. This process continues with iron replacing magnesium and with a gradual increase in the X group until the latest stages in the normal pyroxenes.
The changes in the trend of the pyroxenes can be understood when the structure is considered, and this matter has been discussed by Edwards (1942, p. 598) and by Walker and Poldervaart (1949, p. 643) , who have pointed out that the entry of the small Fe" ion in place of the larger Ca" ion (seen in the middle gabbro pyroxenes) would cause a considerable distortion of the lattice, and that such a replacement would have a limiting value beyond which internal stresses would render the structure unstable. This position appears to be almost reached in pyroxene no. 9, and further enrichment in iron should now take place only at the expense of magnesia. The ferrous ion is slightly larger than the magnesium ion, and thus, as more iron is introduced, the interatomic distances between the chains would be slightly increased. This would further restrict the limits of the iron replacement of calcium, and thus an increasing proportion of calcium ions would again tend to enter the pyroxene structure as the ferrohedenbergite end of the series is approached.
In plutonic rocks, with slow cooling, it may be that the clinopyroxene structure only remains stable when the replacement of calcium by ferrous iron is less than about one-third, and any further replacement by iron must therefore come at the expense of magnesium. The only clinopyroxenes known in which the replacement of calcium by ferrous iron is greater than about a third are the pigeonites and the slag pyroxene described by Bowen (1935) . Many of these are the products of rapid crystallization and are probably metastable forms. The clinopyroxenes of the layered series form an unbroken series, and trend lines have been drawn from them based on 19 analyses ( fig. 1 ). Wager and Deer (1939) , from the known thermal data of the systems clinoenstatite-diopside, hedenbergite-clinoferrosilite, and clinoenstatiteclinoferrosilite, have considered the probable form of the isothermal surface within the four-component system, and this idea has been further amplified by Hess (1941) indicate a cotectic curve beginning close to the cliuoenstatite-diopside ioin near Wo 45, En 55, and extending towards the hedenbergiteclinoferrosilite join at Wo 30, Fs 70. As the cotcctic curve approaches the two-pyroxene boundary, the solidus aud liquidus of the ferroaugites bend slightly downwards and develop into a solid solution series with a minimum, the eutcctic between ferroaugite and ferropigeonite becoming a reaction point. From this stage onwards, the field of olivine narrows down the pigeonite field until the latter disappears altogether. From these considerations it is clear that for any position on the liquidus the corresponding solidus point should be nearer to the elinoeustatitediopside join, and hence the pyroxencs should always show enrichment in magnesia compared with the liquid from which they have crystallized. This is always the case with the Skaergaard pyroxeucs.
Because of the strong fractionation of the Skaergaard intrusion, the compositions of the successive liquids and of the pyroxenes with which they are in equilibrium should give the positions of the ]iquidus and ~-y solidus of the system from near the diopside-clinoenstatite join in the early rocks, to the hedenbergite-clinoferrosilite join in the latest stages. The resemblance between the solidus as determined from the Skaergaard pyroxenes and that deduced from data of artificial systems (Hess, 1941) should be only approximate however, because of the extremely gentle slope of the solidus surface on the lime-rich side of the coteetic curve. Because of this gentle slope of the solidus surface towards the Ca component of tile system it is very probable that the position of this cotectie curve and the lime content of the lime-rich solidus phase would be very susceptible to change by: (a) the addition of AI'", Fe'", Ti"', or similar ions to the solidus phase in any considerable amount; (b) structural strains in the pyroxene caused by the replacements of Mg" and Ca" by Fe" (discussed in the previous section) ; (c) the relative amounts of the total Ca, Mg, and Fe from the magma available for incorporation in the pyroxenes (see later). In a simple 3-component system it is this last factor which determines the position of the cotectie curve ; but in a magma, phases such as plagioclase, apatite, olivine, and iron ores are competing for the available Ca, Mg, and Fe from the liquid. All these do not appear in the artificial metasilicate system CaSiO a MgSiOa-FeSiOa for which the position of the cotectic curve and slope of the isothermal surface have been deduced.
As Al"', Fe'", Ti"", or other ions do not enter the Skaergaard pyroxenes appreciably their effect is likely to be small and so the final position of the eotectie curve should depend mainly on the other two factors. The first of these having been discussed already, attention will now be focused on the other. The crystallization of the clinopyroxenes can be resolved into the variation of three principal components---lime, magnesia., and ferrous iron. As all three are available in the magma in varying amounts throughout the crystallization history, one of the controlling conditions will be the nature of the phases separating at any one time, for the oxides with which the magma is saturated must be shared amongst these.
The lime taken out of the magma enters plagioclase felspar, monoclinic pyroxene, and apatite. The MgO and FeO are required to form olivine, ortho-and clinopyroxenes, and the iron ores. If the composition of the liquid varies in such a way that it moves out of the field where all these minerals can crystallize in equilibrium with each other, then one phase at least will cease to crystallize. The magma, however, would continue to remain saturated with the components which went to make up that phase, and with falling temperature these components should be taken up by the remaining minerals which are still being precipitated. Thus, tile proportions of the various oxides now entering into these minerals would be altered, and changes in their relative amounts and in composition could be expected in the other minerals which continue to separate when one mineral ceases to crystallize or a new one begins to form. Wager and Deer (1939, p. 127) considered that the material forming the rocks of the layered series consisted of two parts: (a) the primary precipitate, made up of crystals which separated from the overlying magma;and (b) the interprecipitate material, which crystallized from the magma trapped between the crystals of the primary precipitate. Only one new mineral phase involving lime appears; this is apatite which does not occur in the primary precipitate until a late stage when the I)2()5 content of the magma has increased to saturation point. The plagioclase felspar requires less lime as the differentiation proceeds, for it changes in composition from An 60 in the early rocks to An 30 in the latest. The lime content of the liquid decreases from about 11% in the original magma to 6 ~o when the latest rocks of the layered series were formed. Hence, there is never any great impoverishment in this constituent in the later stages of the Skaergaard magma.
The ferromagnesian minerals present a somewhat more complicated story. 01ivine begins to crystallize in the early rocks of the layered series, but ceases to form during the middle gabbro stage. Its reappearance marks the beginning of the ferrogabbros and it remains as an essential constituent of the rocks until the latest stages when its composition is Fa 98. Orthopyroxene crystallizes in the earliest rocks along with the clinopyroxene and continues to form until some time after the beginning of the lower ferrogabbros. It occurs in the lowest rocks of the layered series, only as an interprecipitate mineral, and here the textures do not suggest that it has inverted from a pigeonite. In the middl~ gabbros, however, it is intinaately associated with the augite and here it is clear that both pyroxenes must have crystallized at the same stage. The orthopyroxene of such rocks contains numerous bleb-like inclusions of lime-rich clinopyroxene and would appear to have inverted from a pigeonite. When the percentage of FeSiO a in the orthopyroxenes is plotted against height, and the curve is extrapolated to the height where the mineral disappears, the latest orthopyroxene to form has a composition near Of 70.
Iron ore is present in the early l~yered rocks only as an interprecipitate mineral, but it makes its appearance as a mineral of primary precipitation about the end of the hypersthene-olivine-gabbros. Magnetite and ilmenite, the two ores involved, appear to be governed by the amount of F%O a and TiO~, respectively, available from the magma. Since both these oxides are subtracted from the magma in only small amount in the early rocks, they become concentrated in the later liquids, as does P205. These two phases appear suddenly in the primary precipitate and take up a certain amount of the available FeO. The chilled margin pyroxene no. 1 is only slightly poorer in lime than the three analysed pyroxenes from the hypersthene-olivine-gabbros and has a higher iron-magnesia ratio. All the analyses of augites from the hypersthene-olivine-gabbros fall into the well-known field of clinopyroxenes from olivine-gabbros and related rocks, and analyses of similar pyroxenes are abundant in the literature. The lowest part of the main-layered series is not exposed, but the pyroxenes from this part of the intrusion must certainly be more magnesian and less iron-rich than pyroxene no. 5. If the earliest rocks of the border group can be considered as analogous with the hidden layered rocks, then these too should contain very magnesian pyroxenes. Such minerals are found in the gabbro-pierite (augite 7' 1"698, 2V 58 ~ therefore the composition is approx. Ca 47, Mg 48, Fe 5 atomic % ; hypersthene 2V a 82 ~ and therefore the composition is Of 20) and in the 'perpendieular felspar rock' (augite ~ 1-702). It would appear, therefore, to be a reasonable assumption that' the composition of the pyroxenes of the hidden layered series would lie on the extrapolation of the trend line drawn through analyses 7, 6, and 5 towards the diopside~linoenstatite join. Such compositions would conform with those of pyroxenes from the Stillwater complex of Montana (Hess, 1949) and of pyroxenes from other very magnesian rocks.
Bowen (1914) who investigated the system elinoenstatite diopside showed that in the artificial system there was complete solid solution between the end-members. In most igneous rocks, however, two pyroxene phases are normally present and Hess (1941) has suggested that the two-pyroxene field might extend at least to a line close to the diopside-clinoenstatite join before changing over to a series of solid solutions with a minimum. In this connexion the composition of pyroxene no. 2 is of interest. It is a recalculated analysis, and Wager and Deer (1939) suggested that the analysed material might have contained more orthopyroxene than was allowed for and doubted whether the estimated composition of the clinopyroxene was reliable. However, even if there was three tinles as much orthopyroxene in the analysed sample as was estimated, its composition would be approximately Ca 30, Mg 60, Fe 10; i.e. the clinopyroxene remains deficient in lime and lies outside the field normal to pyroxenes from such olivine-gabbros. This analysis, therefore, may be regarded as evidence that for very magnesiarich and iron-poor pyroxenes complete solid solution between pigeonite and diopsidic augites exists. An alternative explanation of the complete miscibility observed between clinoenstatite and diopside in the artificial system and the conflicting evidence in basic magmas was put forward by Tsuboi (1932) , who suggested that at lower temperatures diopside and pigeonite would show only limited miscibility, at higher temperatures more miscibility would be shown and that at dry-melt temperatures complete solid solution would be possible. Bowen, Schairer, and Posnjak (1933) discussed this matter further.
At a height of 900 metres in the layered series, i.e. about 20 metres above the level of analysis no. 7, olivine ceases to crystallize as a primary constituent. During the middle gabbro stage, as analyses nos. 8 and 9 show, the pyroxenes become progressively more lime-poor, and while their magnesia contents remain more or less constant or even increase slightly, there is an increase in ferrous iron at the expense of lime. At this stage the composition of the magma has moved from the field where olivine can crystallize together with clinopyroxene into the clinopyroxene field itself, but nevertheless it remains saturated with magnesia, ferrous iron, and silica. The only phases continuing to crystallize which could incorporate all three components are pyroxenes. To some extent the appearance of magnetite and ilmenite in the middle gabbros must reduce the amount of ferrous iron available for the pyroxenes and the presence of the iron ores may in part explain the slight reduction in the iron content of the clinopyroxenes at this stage as shown by analysis no. 8.
If more clinopyroxene of similar lime content were to crystallize in the middle gabbros to incorporate the iron and magnesia now available, the lime content of the magma would be greatly reduced or else the plagioclase to crystallize would have to become more sodic to allow for the additional withdrawal of lime to form pyroxene. If, to compensate for this withdrawal of additional lime to form pyroxene, the amount of plagioclase to crystallize were to be reduced, this in turn would effect the soda, ahmina, and silica components of the magma. It is possible, therefore, that the available magnesia and ferrous iron would be taken up by an increase in the anmunt of clinopyroxene to crystallize, an increase which would at the same time require only the same total amount of lime from the magma. Therefore the clinopyroxene should become poorer in lime.
Another possible way in which the available iron and magnesia could be taken up would be by an increase in the amount of orthopyroxene to crystallize (as pigeonite). However, during the middle gabbro period the amount of this mineral to crystallize decreases gradually, although it now seems to form in the primary precipitate along with augite and not merely as an interprecipitate mineral as in the lower rocks. Furthermore, when olivine reappears in the ferrogabbros, hypersthene does not disappear at once, but is still found in rocks 150 metres above the level of the reappearance of olivine. These observations do not suggest that there is an intimate relationship between the iron-rich orthopyroxene (or pigeonite) and olivine, a conclusion which is supported by the results obtained by Bowen and Schairer (1935) for the artificial system MgOFeO-SiO~, where the reaction relation between olivine and clinohypersthene disappears for clinopyroxenes containing more than about 25 mol. ~o FeSi03. In the first analysed ferroaugite after olivine reappears (no. 10) a great change in the direction of the trend is noted however.
Pyroxene no. 10 comes from a rock at a height of 1700 metres in the layered series and olivine makes its appearance some 200 metres lower down. While magnesia once again begins to fall slowly, with increasing height, iron continues to increase, but the most significant change is in the lime content. It can be explained by the incoming of olivine again in significant amount and this would require a large amount of the iron and magnesia available from the magma.
A new analysis has been made of the pyroxene from the type rock of the lower ferrogabbros (1907, Wager and Deer, 1939) /for this pyroxene (no. 12) lies away from the new trend line. The new analysis (no. 12A) lies near the trend ; the material for this came from the Cambridge specimen. It will be noted that the optical properties of this mineral differ from those quoted for no. 12 (table 2). In order to establish whether the optics of the pyroxene of other collections of this rock agreed with those of the Cambridge specimen, 9" (on cleavage flakes) was determined for the pyroxene from three specimens of the rock from this locality kindly submitted by Professor Wager. It was also determined for the pyroxene from a neighbouring rock (1493). The refractive index ~' for all these specimens agrees within -4-0"003 with that determined for the analysed specimen no. 12A. It was also decided to check the composition of the olivine in the Cambridge specimen by measurement of the a refractive index; this gave a value of 1.829, corresponding with 74 molecular per cent. fayalite, whereas Wager and Deer give the composition based both on chemical analysis and on optical data, as Fa 59. This difficulty has not been resolved.
The next change of direction in the trend of the pyroxenes is seen beyond the level of pyroxene no. 13, where the increase in lime content gradually ceases, and the progressive enrichment in iron, with a complementary decrease in magnesia, is even more marked. This causes a gradual flattening of the curve, and this point marks the entry of apatite as a primary phase. The incoming of this mineral seems to depend on the P205 content of the magma. As no apatite crystallizes in the early stages in the primary precipitate, the P505 content of the liquid increases until the magma is saturated at about 1"5 %. This new phase, which comes in very suddenly, amounts to 7 % in the parent~ rock of pyroxene no. 14 and so requires considerable amount of lime. As the total lime available in the liquid continues to decrease, less is available for the pyroxene.
It will be noted that with the incoming of olivine the pyroxene begins to decrease in amount, a decrease which is partly offset by the increase in the lime content of the pyroxene. During this stage, however, the felspar increases slightly in amount but decreases in its lime contefit. In this way the lime available from the magma is distributed. At 1850 metres, where apatite makes its appearance, the plagioclase decreases and this too makes lime available for apatite. The pyroxene now begins to increase again, as does olivine, and this is due to the great increase in the iron content of the liquid and to the rapidly decreasing solubility of magnesia in it. This trend in the pyroxenes continues through analyses nos. 15, 16, 17, and 18 . The lime content remains about Ca 39 with a slight rising tendency, while Mg decreases from 19 to 8 and at the same time Fe increases from 43 to 55. Apatite and plagioclase felspar continue to crystallize until after the end of the layered series, although both are decreasing in amount and therefore more and more of the available lime is free for incorporation in the pyroxene.
The brown pyroxene no. 18 shows that for the normal pyroxenes the trend continues with a gradualljr rising lime content towards the hedenbergite-clinoferrosilite join, and that in the latest stages where the iron content of the magma is decreasing it turns towards hedenbergite. This is shown by the analysis of the pyroxene no. 19 (from a height of 2800 metres) in the unlaminated layered series. The latest stages of the Skaergaard intrusion are represented by hedenbergite-granophyres with green pyroxenes whose composition must lie very close to hedenbergite itself. The optical properties determined for the pyroxene no. 20 from one of these rocks were a 1"728, fi 1"735, ~ 1"756, 2V 56 ~ This mineral is associated with an olivine near fayalite.
In the rocks at a height of about 2350 metres in the layered series the clinopyroxenes develop a very unusual habit for igneous pyroxenes, occurring as patches of interlocking disoriented grains of a green colour instead of the usual brown. These pyroxenes are generally crowded with tiny granular opaque inclusions, and Wager and Deer suggested that they were really inverted forms, having crystallized from the magma as iron-wollastonites. Associated with some of these green pyroxenes, and forming a discontinuous border to them or small internal patches in them, is a brown variety (no. 18) in crystallographic continuity with the green. This pyroxene appears to have formed when the magma temperature was lower than the minimum for the iron-wollastonite hedenbergite inversion and to have crystallized directly from the magma as a normal pyroxene. The inversion must, therefore, have occurred before crystallization was complete.
The pyroxenes which were thought to have inverted from ironwollastonites show a very marked reduction in the lime content and contain very small amounts of magnesia. The green pyroxenes from nos. 21 and 22 are very similar and contain only about 0"6 % MgO, whereas the brown pyroxene at this stage (no. 18) carries 1"35 %. Further, although the total iron content in the magma is now beginning to decline, the iron content of these pyroxenes continues to increase, rising from Fe 59 in no. 21 to Fe 68 in no. 23.
Thus, the iron-wollastonites over the range in which they crystallize become progressively more iron rich and lime poor. This is in harmony with the results obtained by Bowcn, Schairer, and Posnjak (1933) in the artificial system CaO-FeO-SiO~. Although for iron-rich wollastonites the composition of the mineral cannot be deduced from the simplebinary system, the composition of analysis no. 23 corresponds very closely with the point where, with lowest temperature in the system, olivine and ironrich wollastonite are in equilibrium. This very low content of magnesia in the green pyroxenes at the top of the layered series accounts for the very low magnesia content in the parent rocks at this stage. Analyses of later rocks in the intrusion after the whole of the layered series had ceased to crystallize show that such rocks are somewhat richer in magnesia than the rocks at the top of the layered series. It is now clear that this is due to the higher MgO content of the normal ferroaugites compared with the iron-wollastonites. A rather unusual feature of the analyses of the inverted pyroxenes is their notable alumina content. Analyses of minerals of the wollastonite group are characterized by very low alumina values, but in the case of these inverted pyroxenes the wollastonites contained notable amounts of ferric iron and the presence of aluminium in the z group is necessary to render the structure electrostatically neutral. It is of interest to compare the degree of progressive enrichment of the clinopyroxene in total iron with respect to magnesia, with that of the parent rock and with the similar enrichment in the associated orthopyroxene and olivine. For this the ratio (FeO+Fe2Oa+100)/(FeO+ F%O3+MgO ) is used (table II). The comparison with the parent rock shows that in all cases the ratio is lower in the pyroxene than it is for the rock, but that with gradual enrichment in iron the difference becomes less and less marked, and in the final stages the ratios are the same.
The relations of the clino-and orthopyroxenes from the same rock are shown in fig. 2 . For this diagram the lime content of orthopyroxenes nos. 8 and 9 which are considered to have formed by inversion from pigeonite is not taken into account. From this it can be seen that the orthopyroxene is always richer in ferrous iron with respect to magnesia than the associated clinopyroxene. Even if the Ca component is ignored and the amounts of Mg and Fe are worked out as ratios, then the same enrichment of the orthopyroxene in ferrous iron with respect to magnesia is seen to hold. This is in keeping with the relations of the two minerals, for the clinopyroxene occurs as a mineral of primary crystallization, whereas the orthot)yroxene usually occurs interstitially and crystallized later. As the orthopyroxene had a composition of Of 70 when it finally ceased to crystallize, by interpolation along the trend line, the conlposition of the monoclinie pyroxene no. 9A at this stage Fro. 3. Relations between clinopyroxenes and their associated olivines. Atomic %.
can be deduced. This is indicated in fig. 2 where the dashed line indicates the limit of the two-pyroxene field. In the case of the olivines, the relation between the clinopyroxenes and their associated olivines is set out diagrammatically in fig. 3 . The olivincs lag behind the orthopyroxcnes in the replacement of Mg by Fe, a relation that is in harmony with the experimental results of Bowen and Schaircr (1935) . The clinopyroxenes, however, lag behind the olivines in iron enrichment in the early stages, and, with the exception of the reaction-rim olivine associated with pyroxene no. 9 which is more magnesian than the pyroxene, the olivine remains the more iron rich until we come to the parent rocks of pyroxenes nos. 21 and 23. Here, the explanation for the reversal of the normal relationship is that ironwollastonite was the actual phase crystallizing from the magma along with the olivine, and this, as we have seen before, was extremely poor in magnesia. The relations between the clinopyroxenes and their associated olivines are shown in table V. Thus, as we have seen in the Skaergaard intrusion, the orthopyroxene is the most iron-rich ferromagnesian silicate, then comes the olivine, and lastly the elinopyroxene. In general, iu other intrusions where the relations between the ferromagnesian minerals have been worked out iron enrichment in the lime-rich clinopyroxene lags behind that of its associated orthopyroxene or pigeonite.
V. CONCLUSIONS.
It has been shown that data from the artificial systems has enabled a picture to be drawn of solidus liquidus relations in the pyroxenes. The incursion of tile olivine field limits the composition of the pigeonitepyroxene series towards the iron-rich end. The extremely gentle slope of the solidus surface on the lime-rich side of the coteetic curve renders the lime content of the clinopyroxene extremely sensitive to alteration by the following factors:
(a) the amount of A1, Fe'", and Ti taken into solid solution ; (b) internal strains in tlle mineral structure caused by replacement of Ca and Mg by Fe"; (c) by the proportions of Ca, Mg, and Fe" available from the magma to form the clinopyroxene. In the case of the Skaergaard clinopyroxenes this last factor is considered to be the most important.
The two abrupt changes in the direction of the trend in the clinopyroxene are attributed to the disappearance of olivine as a primary phase and its later sudden reappearance in the lower ferrogabbro stage. The flattening out of the trend line in the middle of the ferrogabbros may be correlated with crystallization of apatite in large amount as a primary mineral.
In the latest stages two distinct trends can be made out. That of the normal ferroaugites finally turns towards hedenbergite as the iron content of the magma begins to decline and the pyroxenes are green in colour at this stage. The other trend is that of the pyroxenes derived from the iron-wollastonite-hedenbergite inversion. Here the pyroxenes become progressively more iron rich and lime poor and magnesia is reduced to insignificant amounts. The final pyroxene has a composition Ca. 30, Fe 70, which corresponds to the position deduced for the lowesttemperature relations in the hedenbergite-clinoferrosilite series of the artificial system.
A discussion of the significance of the Skaergaard clinopyroxene trend and comparisons with the pyroxenes from other tholeiitic rocks will be made in a later communication.
Many attempts have been made to correlate the optical properties of clinopyroxenes with their chemical compositions and Tomita (1934) first drew up a set of diagrams showing variations in refractive indice% optic axial angle, and extinction angles. Later these were modified by Deer and Wager (1938) . Hess (1949) , in a paper which lists many new chemical analyses together with very accurate optical determinations, has drawn up new tables showing the variation in refractive indices, optical axial angle, and the birefringence for common clinopyroxenes. He considered that his diagrams were most reliable for those areas where natural pyroxenes are commonest and that natural pyroxenes were rare or did not exist where his data are poor. The exception was the ferroaugite field where Hess's curves were based on only seven analyses, two of which contain significant amounts of soda and so should be rejected for 2V curves. For the present paper many new analyses of ferroaugites have been carried out and new refractive index and 2V curves have been drawn. These should improve on the accuracy of Hess's curves for the ferroaugite field, but elsewhere they agree very closely with his diagram. The writer has followed Hess in using atomic % Ca, Mg, Fe
